abstract: Natural selection arising from resource competition and environmental heterogeneity can drive adaptive radiation. Ecological opportunity facilitates this process, resulting in rapid divergence of ecological traits in many celebrated radiations. In other cases, sexual selection is thought to fuel divergence in mating signals ahead of ecological divergence. Comparing divergence rates between naturally and sexually selected traits can offer insights into processes underlying species radiations, but to date such comparisons have been largely qualitative. Here, we quantitatively compare divergence rates for four traits in African mormyrid fishes, which use an electrical communication system with few extrinsic constraints on divergence. We demonstrate rapid signal evolution in the Paramormyrops species flock compared to divergence in morphology, size, and trophic ecology. This disparity in the tempo of trait evolution suggests that sexual selection is an important early driver of species radiation in these mormyrids. We also found slight divergence in ecological traits among closely related species, consistent with a supporting role for natural selection in Paramormyrops diversification. Our results highlight the potential for sexual selection to drive explosive signal divergence when innovations in communication open new opportunities in signal space, suggesting that opportunity can catalyze species radiations through sexual selection, as well as natural selection.
Introduction
Rapid species radiations have given rise to much of Earth's biodiversity. Divergent or disruptive natural selection on ecological traits, such as body size, shape, trophic ecology, and habitat use, is believed to be the primary causal factor in many celebrated examples of adaptive radiation (Losos et al. 1998; Schluter 2000; Lovette et al. 2002; Grant and Grant 2008) . In such cases, sexual signals and other components of prezygotic isolation may remain unchanged or diverge only after differentiation in ecological traits begins (Streelman and Danley 2003) . Rates of ecomorphological divergence and speciation are enhanced by ecological opportunities (Parent and Crespi 2009), which may arise as a result of the origin of novel ecological traits or key innovations (Simpson 1953; Schluter 2000) .
In contrast, dramatic divergence of courtship signals in other model radiations has encouraged suggestions that sexual selection takes precedence in driving diversification (Masta and Maddison 2002; Allender et al. 2003; Mendelson and Shaw 2005; Elias et al. 2006a; Boul et al. 2007 ). In studies of signal variation in many animal radiations, it has been difficult to adequately quantify all relevant aspects of signal structure (Allender et al. 2003; Price et al. 2007; Ritchie 2007; Seehausen et al. 2008) . This, in turn, hinders assessment and comparison of rates of phenotypic evolution (Lerman 1965; Gingerich 1993; Hendry and Kinnison 1999) . Additionally, environmental effects on signal transmission or reception often constrain signal evolution by sexual selection (Bradbury and Vehrencamp 1998; Gerhardt 1999) . In cases of sensory drive (Endler 1992) , it may be difficult to separate the effects of natural and sexual selection because these influences are intimately intertwined during the process of divergence (Seehausen et al. 2008) . Moreover, courtship traits that govern attractiveness to mates may be subjected simultaneously to natural selection mediated by resource competition or predation and to sexual selection mediated by mate attraction (Rundle et al. 2000; Podos 2001 ; Kingston and Rossiter 2004; Podos and Hendry 2006) . This interplay between signal evolution and ecological fitness complicates efforts to compare the relative importance of natural and sexual selection.
Distinguishing the general roles of natural and sexual selection during a species radiation requires a study group in which ecological traits and courtship signals evolve largely independently, can be quantitatively described, and can be placed in a phylogenetic context across many radiating species. If sexual selection on a signaling trait is more important in driving the radiation of such a group than is natural selection on any ecological trait, the signaling trait should evolve more rapidly than any of the ecological traits (Ritchie 2007) . If natural selection due to species interactions or environmental influences is more important, one or more ecological traits should exhibit more rapid divergence than the courtship signals.
Mormyrid electric fishes of Africa offer an ideal combination of high species diversity and quantifiable courtship signals that are not closely tied to ecological selection pressures, enabling assessment of the relative importance of sexual and natural selection during their diversification. All mormyrids produce and sense courtship signals in the form of weak electric organ discharges (EODs). This innovative signaling modality is made possible by a novel class of tuberous electroreceptors used for communication and by the mormyroid electric organ (Bass 1986a; Zakon 1988; Caputi et al. 2005; Kawasaki 2005) . Mormyrids communicate by sending and receiving EODs between individuals (Hopkins 1986; Moller 1995) . Because EODs are relatively simple signals ( fig. 1A ), they are well described using continuous measures of waveform variation (Arnegard and Hopkins 2003; Crampton et al. 2008) . By comparison, visual and chemical signals are generally more difficult to quantify along continuous trait axes.
The electrosensory modality is the primary communication channel for mormyrid sexual signaling, enabling reduced eye development and nocturnal activity (Moller 1995; von der Emde et al. 1998; Arnegard and Carlson 2005) . EODs vary across species ( fig. 1A ), and they are often dramatically sexually dimorphic (Hopkins and Bass 1981; Bass and Hopkins 1983; Bass 1986a; Moller 1995) . Experimental studies have shown that both males and females exhibit mating preferences for quantifiable features of EOD waveforms (Hopkins and Bass 1981; Arnegard et al. 2006; Machnik and Kramer 2008; Feulner et al. 2009a) , enabling sexual selection on these signals. Though mormyrids orient to their environment and detect prey by sensing distortions in their self-generated electric fields (von der Emde et al. 1998; Arnegard and Carlson 2005) , there is no evidence that EOD waveform divergence is driven by ecological selection due to resource competition (see app. A in the online edition of the American Naturalist). Conspecific males and females electrolocate objects in the same habitats, despite large sexually dimorphic differences in signal structure. In contrast to EODs, morphology has been linked to ecological divergence in mormyrids (Marrero and Winemiller 1993; Winemiller and Adite 1997) . However, body shape and size are probably not the primary cues for mate choice in nocturnally active mormyrids, unlike the case with diurnally active, visually orienting fishes with numerous visually guided predators (e.g., Rundle et al. 2000; McKinnon et al. 2004 ). Thus, ecological traits and sexual signals appear to be largely independent of one another in mormyrids.
Electrical communication in African rivers is relatively free from extrinsic constraints on signal divergence because of the privacy of this channel (Hopkins 1986 ) compared to other modes of communication. High-frequency electroreceptors are relatively rare among vertebrates and invertebrates (Hopkins 2010) . Mormyroid fishes possess such receptors and are the only animals in Africa that communicate using a relatively high-frequency electrical channel. It has been proposed that electric eels and other electrosensory predators have acted as diversifying selective influences on South American electric fishes (Stoddard 1999) . Our study area, the Ivindo River of west-central Africa ( fig. 2 ), lacks electrosensory predators that could have selected for divergence among the high-frequency features distinguishing the majority of mormyrid EODs. For example, the electrosensory mormyroid piscivores Gymnarchus niloticus and Mormyrops anguilloides are absent from the Ivindo , and catfishes (in this region and elsewhere) are insensitive to high electrical frequencies (Zakon 1988; Hanika and Kramer 2000) . The flow velocity, pH, dissolved oxygen content, color, and turbidity of water in the Ivindo have no affect on EOD transmission (Hopkins 1986 ). In addition, fluctuations in water conductivity between dry and rainy seasons in the Ivindo basin are too small to have meaningful effects on signal transmission or impedance matching to environmental conductivity (Bell et al. 1976; Baier 2008) . By comparison, acoustic and visual channels are often crowded with many more species of competing signalers, experience substantial environmental effects during transmission, and are received by numerous predatory eavesdroppers, all of which constrain the availability of open signal space (Bradbury and Vehrencamp 1998; Gerhardt 1999) . Some important constraints on electric signaling have certainly affected the broader evolution of commu- Africa. Only the best-sampled sites are mapped (i.e., sites at which multiple collections were made between 1998 and 2009). The number of sympatric Paramormyrops species is given for each collection point, conservatively counting the two sympatric morphs of the magnostipes complex as one species wherever one or both morphs co-occur. Paramormyrops is largely restricted to the area between and including the greater Ogooué River basin and the Ntem River. Diversity declines to zero or one sympatric species outside this area. The region of highest-known Paramormyrops diversity occurs within the Ivindo branch of the Ogooué River system. Inset, two mormyrid communities (filled circles) at which rates of trait divergence were measured and compared for the present investigation.
nication in weakly electric fishes (Hopkins 1973 (Hopkins , 1980 (Hopkins , 1986 (Hopkins , 1999 . The key point here is that microevolutionary divergence in signal structure among many closely related mormyrids-particularly in Paramormyrops (Arnegard et al. 2006 )-is constrained by relatively few factors compared to other communication modalities.
To quantify the outcomes of sexual and natural selection during species radiation, we measured variation in electrical courtship signals (EODs) among 21 mormyrid species and morphs (table B1 in the online edition of the American Naturalist). We used discrete wavelet analysis to capture timing and frequency variation in EODs (Crampton et al. 2008) , both of which are relevant to the electrosensory mechanism underlying sexual selection on these signals (Hopkins and Bass 1981; Xu-Friedman and Hopkins 1999; Arnegard et al. 2006) . We also measured variation in three ecological traits that exhibit rapid divergence by natural selection in several well-studied models of adaptive radiation: body size, body shape, and trophic ecology (Schluter 2000; Grant and Grant 2008; Losos 2009; Matthews et al. 2010) . Known as elephantfish, mormyrids are renowned for their unusual and diverse morphologies. We quantified this variation (both body shape and body size) by using geometric morphometrics. The trophic roles of mormyrid species were described using stable isotopes of carbon and nitrogen. We focused particular attention on the Paramormyrops species flock ( fig. 1 , red, blue) because it is the most extensive mormyrid species radiation known (Sullivan et al. 2002 . The Ivindo River is the center of Paramormyrops diversification ( fig. 2 ) and also harbors an electric fish fauna containing a large number of more distantly related mormyrids ( fig.  1 ). We replicated all measurements and analyses using mormyrid assemblages at two distinct sites in the Ivindo basin, a small rainforest stream (Balé Creek) and a set of rapids along the main river channel (Loa Loa). Mormyrid communities at these sites encompass half of all known Paramormyrops species (Lavoué et al. 2008b ; see also app. A).
Here, we directly compare rates of divergence between electric signals and each of the ecological traits to estimate the relative roles of sexual and natural selection to species radiation when extrinsic constraints on courtship signal divergence are minimal. Using a phylogenetic framework, we demonstrate that electric signals diverge much more rapidly than all measured ecological traits. We then discuss the implications of this dramatic rate disparity for understanding mechanisms of speciation in mormyrids, as well as the general role of opportunity during species radiation by sexual selection. Table B1 provides sample sizes for all trait complexes. Elsewhere (Sullivan et al. 2000 (Sullivan et al. , 2002 Arnegard et al. , 2006 , we provide detailed methods for collecting mormyrids and recording their EODs, which we did at the Institut de Recherches en É cologie Tropicale (IRET) field station, near Makokou, Gabon. Briefly, we made A/D recordings of individuals in water taken from the site of collection (conductivity p 12-30 mS/cm; temperature p 22Њ-26ЊC). The standard geometry of chloridized silver wire electrodes was used, and EODs were amplified (bandwidth: DC-50 kHz or 0.0001-50 kHz) and digitally captured at 96-1,000 kHz (16-bit A/D converter; IOtech). No temperature correction of EODs was necessary because of the narrow range of water temperatures during recording Lavoué et al. 2008b) . After making the recordings, we euthanized each fish with an overdose of the anesthetic MS222 (tricaine methanesulfonate), tagged it with a permanent specimen number, and fixed it in 10% formalin (phosphate buffered) as the specimen lay flat in a tray of the fixative for 2 weeks. We then transferred all specimens to 70% ethanol for long-term storage and deposited them in the Cornell University Museum of Vertebrates (CUMV; Ithaca, NY).
Methods

Field
The nominal mormyrid species investigated here were recognized as distinct species before this project. Some of the Paramormyrops species are still awaiting formal taxonomic description, so we refer to them by their established cheironyms (e.g., Paramormyrops sp. SZA). Nevertheless, these nominal Paramormyrops species, as well as the other mormyrid species in this article, are known to be valid biological species based on integration of morphological, EOD, and genetic data (e.g., Sullivan et al. 2000 Sullivan et al. , 2002 Arnegard and Hopkins 2003; Lavoué et al. , 2008a Hopkins et al. 2007 ). None of the nominal species we investigate is defined simply on the basis of unique electric signals. By contrast, species status remains uncertain for the type 1 and type 2 morphs of the "magnostipes" complex, known to differ in EODs and male body size distributions but not microsatellite genotypes (Arnegard et al. , 2006 . These Paramormyrops morphs were included in our main analyses, but we also evaluated the sensitivity of the overall results to excluding them (see "Sensitivity Analysis").
Wavelet Analysis of Electrical Courtship Signals
Our analysis used only dry-season recordings of mormyrid EODs. During the mormyrid breeding season in Gabon, when rainfall is the heaviest (Arnegard et al. 2006) , adult males of many mormyrid species exhibit longer-duration EODs that are themselves species specific (Hopkins and Bass 1981; Moller 1995; Hopkins 1999 ; see discussion in Lavoué et al. 2008b) . Because of the difficulty of working in Gabon at this time of year (e.g., it can be difficult to collect mormyrids in rivers swollen from the rains), insufficient samples of exaggerated male EODs have been collected for several species (app. A). In Paramormyrops, the few EOD waveforms that have been recorded from males at the time of breeding seem to be even more divergent than female EODs, apparently lying at the fringes of signal space (see fig. 5 in Arnegard and Hopkins 2003) . Given this lack of male recordings, we restrict our analysis of electric signal variation to the species-typical femalelike EODs exhibited by both breeding females and adult males outside the breeding season. In addition to the female preferences for male EODs seen in laboratory studies (Machnik and Kramer 2008; Feulner et al. 2009a ), electrical playbacks to breeding males (Paramormyrops spp.) at the IRET field station suggest that male mate choice targets variable features of these femalelike EODs (Hopkins and Bass 1981; Arnegard et al. 2006) .
Following the approach of Crampton et al. (2008), we used discrete wavelet analysis to quantify EOD variation. This time-frequency-based digital signal-processing procedure has several advantages over other available methods for measuring biologically relevant signal variation among mormyrids (app. B in the online edition of the American Naturalist). Figure 3 shows raw traces of the 284 EODs (one EOD per individual) that we analyzed in this manner. Using MATLAB, version 7.0 (MathWorks, Natick, MA), we filtered EOD recordings with a Butterworth digital filter (60-kHz cutoff), resampled them to 100 kHz, energy normalized them, and aligned them in time by center of energy (as defined in app. B). We ensured that the total number of samples for each of these conditioned EODs was 1,024. We then subjected the conditioned waveforms to the discrete wavelet transform (DWT), using the Symmlet-4 wavelet base, generating 1,024 DWT coefficients, including one scaling coefficient (Mallat 1999) . Appendix B provides a more detailed description of these methods.
All 1,024 DWT coefficients made up the raw character matrix describing electric signal variation, which was used for the main analysis of our study. However, in a sensitivity analysis, we examined the robustness of our findings to a major variation in the method of digital signal processing. Landmark-based methods for EOD analysis have centered all waveforms under consideration on a specific EOD landmark (e.g., Arnegard and Hopkins 2003; . Thus, we also varied our method such that all EODs were centered at the first major head-positive peak, P1
Figure 3: Electric organ discharges (EODs) of all individuals used for measuring electric signal variation at Balé Creek (left) and Loa Loa Rapids (right). Amplitude-normalized EODs are grouped by taxon and site and plotted head-positive-up on the same timescale (bars p 1 ms). When the peak P1 is always the largest positive peak in the waveforms of each group, EODs are aligned in time at this waveform landmark for the purpose of plotting them here. In the cases of Paramormyrops sp. TEN and Stomatorhinus ivindoensis, P1 is not necessarily the largest head-positive peak in the waveform, requiring manual P1 alignment. In these exceptional cases EODs are aligned here at P2 (asterisks), although manual P1 alignment was nevertheless used for centering EODs before the discrete wavelet transform performed for the sensitivity analysis.
(shown in fig. 3 ). The Symmlet-4 wavelet base was again used for DWT. This simple change in EOD centering resulted in a drastically altered set of 1,024 DWT coefficients, which were used to describe waveform variation for the sensitivity analysis. This large change in output structure, in turn, provided a good test of the robustness of our results to variation in the resulting matrices of DWT coefficients.
Quantification of Trophic Ecology
As a quantitative measure of trophic ecology, we analyzed nitrogen (N) and carbon (C) stable isotope ratios of the . Carbon isotope ratios indicate the derivation of energy used by an animal because differences arising from plant metabolic pathways (e.g., C3 vs. C4) and aquatic habitats (e.g., planktonic vs. benthic) are largely conserved during trophic transfers (Fry 2006) . Nitrogen isotope ratios indicate trophic position within the food web due to differential retention of the heavier isotope in consumer tissues (Post 2002) . Together, C and N isotope ratios create a bivariate trophic space in which each species can be placed on the basis of analysis of replicate individuals. Interpretation of stable isotope data is complex because taxonomically distinct prey may yield similar isotope ratios in their consumers or because closely related prey may differ substantially in the isotope ratio that they pass to consumers. While acknowledging such complexities (e.g., Hoeinghaus
Figure 4: Morphological landmarks (circles with numbers) and semilandmarks (small points without numbers) capturing shape and size variation among mormyrid species and morphs. Here, Paramormyrops sp. SN9 (specimen 5608) illustrates one of the photographs of fixed specimens used to determine x-and y-coordinates of landmarks and semilandmarks. Landmarks 1-17 are defined in the key. In addition to these morphological loci, the dorsal edge of each individual's head and anterior body was represented by 50 evenly spaced semilandmarks between landmarks 3 and 15. The ventral edge was similarly represented by 50 semilandmarks between landmarks 5 and 13. Ruler units in centimeters.
and Zeug 2008), we used stable isotopes of C and N to assess overall differences in energy sources and trophic position among mormyrid species in this study. Stable isotope data are widely interpreted in this manner.
We dissected a sample of dorsal white muscle from each fish, excluding all scales, skin, and bones. Samples were oven-dried (60ЊC, 48 h) at the IRET field station and stored in individual glass vials. Stable isotopes of C and N were analyzed from homogenized subsamples (1.2 mg) using a Finnigan DELTAplus mass spectrometer in the Cornell University Stable Isotope Laboratory. Appendix B provides additional details on this analysis. Results are expressed in the standard delta notation (d 
Geometric Morphometrics
We made digital photographs of preserved adult and large subadult mormyrid specimens (housed at the CUMV) and used these to analyze morphometric differences (e.g., fig.  4 ). In the photographs, we recorded coordinates of 17 morphological landmarks similar to those used by Feulner et al. (2007) for measuring ecologically relevant shape variation in another mormyrid species radiation (Campylomormyrus of the lower Congo). We also recorded coordinates of 50 evenly spaced semilandmarks along the dorsal silhouette and 50 evenly spaced semilandmarks along the ventral silhouette to capture additional information about shape variation ( fig. 4 ). Landmarks were superimposed using generalized Procrustes analysis (Rohlf and Slice 1990) , and semilandmarks were superimposed using the minimum bending energy criterion (Green 1996; Bookstein 1997) . Effects of preservation artifact (i.e., specimen bending) and the slight variation within species due to ontogenetic and static allometry were removed statistically (see app. B for details), producing an estimate of the unbent mean adult shape at each species' mean adult body size. This procedure produced a 130-dimensional description of body shape.
Body size was quantified as centroid size, the square root of the sum of squared distances of all landmarks from the center of the form (Bookstein 1986 ). This measure of body size is mathematically orthogonal to shape. Quantification of body size was based strictly on adult specimens in order to isolate evolved differences in size at maturation and maximum size from the influence of ecological patterns in population size structure. Thus, our comparisons of body size were based on the subset of specimens used in body shape analysis (table B1) that exceeded the size at which an indentation along the base of the anal fin in males indicates reproductive maturity (Herfeld and Moller 1998; Pezzanite and Moller 1998; Arnegard et al. 2006; see fig. 4 ).
Phylogeny
Mormyrids have been extensively studied phylogenetically (Alves-Gomes and Hopkins 1997; Lavoué et al. 2000 Lavoué et al. , 2003 Lavoué et al. , 2008a Lavoué et al. , 2008b Sullivan et al. 2000 Sullivan et al. , 2002 . Here, our purpose was to use the existing phylogenetic framework to test relative rates of trait divergence rather than to reanalyze mormyrid phylogenetic relationships. We employed a tree topology for these taxa from a simple consensus of the best trees derived in four molecular phylogenetic studies that examined relationships at different hierarchical levels within the Mormyridae, using a number of mitochondrial and nuclear markers (Lavoué et al. , 2003 Sullivan et al. 2000 . To estimate branch lengths on this fixed topology, we used cytochrome b (cyt b) sequences because these were available for all but one species (Paramormyrops sp. SN9). This undescribed species had not been sampled in any previous phylogenetic study of mormyrids. We obtained a new cyt b sequence from this species and placed it into the topology, as described in appendix B. These cyt b sequences were in all cases collected from individuals captured within a 3-km radius on the Ivindo River and tributary creeks, including sites at Loa Loa Rapids, Balé Creek, or neighboring Bialé Stream ( fig. 2, inset) . The outgroup cyt b sequence was taken from the electrogenic sister taxon to the Mormyridae, Gymnarchus niloticus, which does not occur in or around Gabon. GenBank accession numbers and lengths of all sequences are provided in table B2 in the online edition of the American Naturalist.
We used a GTRϩIϩG model of sequence evolution (Yang 1994) to infer maximum likelihood cyt b branch lengths on the consensus topology, using GARLI, version 0.951 (Zwickl 2006) . The resulting tree is shown in figure  1B . The tree obtained by removing the constraint of the consensus topology and estimating topology as well as branch lengths from the cyt b data (using the same model and software) has a topology that differs at four nodes ( fig. B2) . Three of these occur within the rapidly diversifying Paramormyrops clade, where we strongly suspect that the multilocus nuclear amplified fragment length polymorphism data used by are superior for accurately recovering phylogenetic relationships. To examine the sensitivity of our main analysis to uncertainties in tree topology, we conducted our trait divergence rate comparisons by using both this unconstrained tree and the preferred-topology consensus tree. Before the analyses of trait divergence rates, these two trees were converted to ultrametric trees, using the penalized-likelihood method implemented in the program r8s, version 1.70 (Sanderson 2003) . Phylogenetic distances in the ultrametric tree were scaled to vary from 0 to 1. A more detailed description of all phylogenetic methods is provided in appendix B as supporting information.
Analysis of Trait Divergence Rates
We quantified and compared evolutionary divergence rates for the above traits, using R, version 2.9.2 (R Core Development Team 2009 ). Before doing so, we employed principal component analysis (PCA) to reduce dimensionality of the high-dimensional trait complexes (i.e., electric signals and body shape). Before dimension reduction, the raw character matrices (for the main analysis) included 1,024 DWT coefficients (signals), 130 shape coefficients (morphology), two stable isotope ratios (trophic ecology), and one centroid size (body size). In the main analysis, we reduced these data matrices to the minimum number of principal component (PC) axes needed to explain 95% of the total variation in the raw data. This resulted in six PC axes for shape and six PC axes for signals. The one trait axis for body size and two trait axes for trophic ecology required no dimension reduction. In addition to our 95% criterion, we also investigated how retaining fewer axes for signals and shape affected our findings (see "Sensitivity Analysis").
Next, we used multivariate analysis of variance (MANOVA) to evaluate differences among species/morphs in each of the reduced-dimension trait spaces. From these, we extracted only the first two canonical variate axes associated with each MANOVA (except for body size), and we plotted individuals on these two axes to visualize patterns of variation among taxa ( fig. 5 ). In the case of body size, differences among taxa were evaluated by ANOVA on the natural logarithm of centroid size.
Comparing divergence rates among disparate traits re- quires a scale-invariant measure of phenotypic variation applicable to each trait space (Gingerich 1993; Hendry and Kinnison 1999) . To achieve this, generalized rates of trait divergence have been calculated previously as haldanes, which scale univariate traits in terms of standard deviations of change per generation, or using Mahalanobis distance as an analogue of the haldane for multivariate character complexes (e.g., Lerman 1965; Cherry et al. 1982; Eldredge et al. 2005) . Both approaches require continuous measures of trait variation. Most previous estimates of divergence rates have been applied to rates of morphological evolution in fossil lineages, for which variation in songs, color patterns, or other displays is unknown. To calculate divergence rates for the traits considered in this study, we used Mahalanobis distances (D), which scale among-group trait distances according to patterns of within-group trait variance and covariance (Mahalanobis 1936) . Since sample sizes were low for some species and traits, we calculated a pooled within-species variancecovariance matrix for each trait space. We used the R function "mahalanobis" to compute D 2 between each pair of species. We then calculated the square root of this value to yield D. For any given phylogenetic distance between two species, a greater value of D (hereafter referred to as "trait distance") implies a faster rate of divergence relative to within-species trait variances and covariances.
We investigated phylogenetic signal and correlations among character sets using Mantel tests rather than simpler alternatives such as independent contrasts (Felsenstein 1985) or the K statistic (Blomberg et al. 2003) . Mantel tests were necessary because of the multivariate nature of the data sets. No other current method exists to measure multivariate phylogenetic signal or to correlate Mahalanobis distances with other distances in a phylogenetic context. Thus, we investigated correlations between trait complexes, controlling for phylogenetic relationships, by means of three-way partial Mantel tests. These tests were performed on pairs of trait distance matrices, as well as the matrix of phylogenetic distances. For each comparison, we calculated the Mantel test statistic, z, and evaluated its significance using 9,999 matrix permutations.
Finally, we evaluated patterns of accumulation in trait distance (D) over ultrametric tree distance (i.e., relative evolutionary time). We evaluated the fit of these data to both a simple linear regression model forced through the origin and the following breakpoint regression model, also lacking an intercept term:
Here, y is trait distance; x is phylogenetic distance (as defined above); b 1 is the slope term of the line segment before the breakpoint in the regression; b 2 is a second slope term added to b 1 in the line segment after the breakpoint; c is the breakpoint abscissa value; and the indicator variable, d, equals 1 when and 0 otherwise. We fitted x 1 c this breakpoint regression model using least squares, and we compared it to the simple linear no-intercept model, using a general linear test (Neter and Wasserman 1974) . Trait distances were often found to increase initially with relative evolutionary time but then to level off at some point. Therefore, for quantifying and comparing trait divergence we preferred the breakpoint regression models, which always fitted the data much better than simple linear regression. The first slope coefficient in the breakpoint regression models, b 1 , reflects the rates of trait divergence during the earliest stages of species radiation. We compared breakpoint regression models between each pair of trait data sets (e.g., signals vs. body size) using a general linear test procedure (these and all other tests two sided). We compared a model where the two trait data sets had shared slope and breakpoint parameters to a model where these parameters differed between the two data sets.
Sensitivity Analysis
Estimated trait divergence rates (b 1 in the breakpoint regression models) could potentially depend strongly on the following features of our methodology: (i) inclusion of the type 1 and type 2 morphs of the magnostipes complex, very young Paramormyrops taxa for which species status is still uncertain; (ii) method of EOD centering before discrete wavelet analysis; (iii) tree topology; and (iv) threshold for dimension reduction before the quantification and comparison of divergence rates. To explore the robustness of our findings, we repeated our analysis of trait divergence rates several times, employing a perturbation to each of these methodological features while keeping all others as originally described. First, we evaluated the effects of excluding both morphs of the magnostipes complex from the analysis. Second, we used P1 centering to align EODs in time before wavelet analysis. Third, we investigated how the findings were affected when we used a tree topology produced by maximum likelihood analysis of the cyt b sequences on which we imposed no topological constraints based on the consensus of published results for other genetic markers. Fourth, we evaluated the consequences of retaining fewer measurement dimensions characterizing shape and signal variation. In one such perturbation, we reduced trait spaces for signals and body shape to two dimensions using PCA. In another perturbation, we reduced our signal, shape, and isotope data to one dimension each. In both cases, only one size axis (centroid size) was available for comparison.
Further, to ensure that any rate differences between trait complexes found using breakpoint regression were not fig. 4 ) and the center of the form. Boxplots on a natural-log scale show medians (thick horizontal segments), interquartile ranges (IQRs) around the medians (boxes), nonoutlier ranges (whiskers), and outliers (points). Any observation more than 1.5# IQR lower than the first quartile or 1.5# IQR higher than the third quartile is considered an outlier.
simply the result of differences in breakpoints, we also compared slopes of simple linear regression models fitted to the data for only recently diverged species. Our threshold for including species in these comparisons was a scaled ultrametric tree distance of less than 0.15 (i.e., half of maximum divergence in the Paramormyrops species flock). This is analogous to using the breakpoint regression models to compare initial rates of divergence (b 1 ) between trait complexes with all breakpoints fixed at the halfway point of the Paramormyrops radiation.
Results
Mormyrid taxa that are extremely closely related are as divergent in electric signals as are lineages that split long ago ( fig. 3 ). In contrast, the magnitude of ecological divergence depends on the level of phylogenetic relatedness among species, such that more distantly related pairs of species are more ecologically distant. At the broadest phylogenetic scale, which includes all mormyrid lineages ( fig.  1 fig. 5; table 1 ), although they have been shown previously to differ in body size of breeding males but not females (Arnegard et al. 2006) . Accounting for phylogeny, we find no evidence of correlated evolution between signals and ecological traits within Paramormyrops or among all mormyrid species (table 2) .
Describing changes in trait distances (Mahalanobis distances) over evolutionary time (branch lengths on the ultrametric tree) revealed that the tempo of signal divergence in mormyrids has far exceeded rates of divergence in ecological traits. For both body size and trophic ecology, typical trait distances between species were relatively low across the entire phylogeny ( fig. 7) . Differences in body shape increased substantially with phylogenetic distance, but major differences among species in signal space were evident in all comparisons regardless of branch length.
Breakpoint regressions, which fitted the data much better than simple linear models, indicated that trait distances almost always leveled off or even decreased slightly after an initial period of divergence ( fig. 7; table 3 ). Comparing models in which the two traits had shared slope and breakpoint parameters to models in which these parameters differed between traits showed that divergence rates were always faster for electric signals than for ecological traits in Paramormyrops, as well as across all mormyrids studied (all ). Paramormyrops species/morphs have di-P ! .02 verged three to four times faster in signal space than in ecomorphological shape space. The rate disparity between signals and body size or trophic ecology was ninefold to 17-fold in Paramormyrops, and relative rates of signal evolution appeared even more explosive when all mormyrids were considered (table 4) .
Sensitivity analysis demonstrated that the evidence for more rapid divergence of electric signals than of ecological traits was robust to all of the following methodological permutations to our breakpoint regressions: (i) exclusion of the type 1 and type 2 morphs of Paramormyrops, (ii) EOD centering at P1 before discrete wavelet analysis of signals, (iii) use of an unconstrained phylogenetic topology derived from cyt b, and (iv) greater amounts of dimension reduction applied to the high-dimensional trait spaces before quantifying divergence rates. Under each of these scenarios, the analysis still indicated that electric signals have diverged significantly faster than trophic ecology, body shape, and body size during radiation of the Paramormyrops species flock. All results of the sensitivity analysis are summarized in table 5. We also confirmed that the significant rate differences we estimated on the basis of b 1 from the breakpoint regression models were not merely due to variation in the position of the breakpoint. Here, again, we found that electric signals always exhibited a significantly faster increase in trait distance with increasing phylogenetic distance when only recently diverged species were considered, no breakpoint was allowed, and regressions were still forced through the origin (in the online edition of the American Naturalist, see fig. C1 and table C1). 
Discussion
Our quantitative analyses demonstrate rapid rates of electric signal divergence in the apparent absence of environmental constraints or correlated ecological divergence. Sexual signals have evolved much faster than all measured ecological traits in the Paramormyrops radiation and in mormyrids in general. This pattern of trait evolution suggests that sexual selection on signals has been a more important early driver of species radiation in these fishes than has natural selection on ecological traits or ecologically based reinforcement of signal differences. Rapid signal evolution has been observed between ecologically similar but geographically isolated populations in many other animal radiations (Rundell and Price 2009) . At least some spatial isolation has also likely played an important role in facilitating the initial stages of Paramormyrops diversification by divergent sexual selection (Arnegard and Kondrashov 2004; Coyne and Orr 2004; Kirkpatrick and Nuismer 2004 ). Though we infer that sexual selection has had primacy in mormyrid speciation, ecological divergence has probably also played a supplementary role. Coexistence is often thought to be unstable between ecologically similar allopatric species sharing the same niche (Schoener 1989 ) but differing in courtship signals, although the time to competitive exclusion under neutral ecological dynamics can be quite long (Hubbell 2001) . In addition to dramatic signal differences, we also demonstrate smaller yet significant differences in all measured ecological traits (body size, body shape, and trophic ecology) among closely related Paramormyrops species (table 1). Such differences may help to explain the coexistence of so many mormyrid species within the diverse electric fish communities of the Ivindo River. These differences are also consistent with natural selection on ecological traits contributing to the further divergence of signals and species after secondary sympatry is established (Gerhardt 1999; Servedio and Noor 2003) . Members of our research team have been sampling mormyrids in Balé Creek and Loa Loa Rapids for more than 30 years (1975-present) , and the composition of the mormyrid assemblage at each site has remained qualitatively similar over this time period. This suggests that assemblage structure is stabilized by ecological niche partitioning, though we cannot fully exclude the possibility of ecological neutrality of some species.
Most previous attempts to use comparative phylogenetic methods to test the importance of sexual selection during species radiation have compared diversification rates between clades differing in the propensity for sexual selection (Barraclough et al. 1995; Price 1998; Arnqvist et al. 2000; Ritchie 2007; Kazancıoglu et al. 2009 ). However, the clades that have been compared differ in many respects beyond the identified targets and strengths of sexual selection. The approach we take controls for these sorts of differences by focusing on trait evolution within a single radiation. In that context, quantitative comparisons of evolutionary rates among traits that are subject to natural selection versus sexual selection offer great inferential power. Our approach can also elucidate changes in the targets of selection across the entire time course of a species radiation. In mormyrids, it appears that an initial burst of electric signal evolution by sexual selection is a fundamental part of the mechanism fueling speciation but that ecomorphological divergence eventually catches up to and even surpasses signal differences ( fig. 7) .
Though our study implicates sexual selection on electric signal pulses as playing a more fundamental role in the process of mormyrid species radiation than does natural selection on ecological traits, some potentially important limitations on this inference must be recognized. First, we may have failed to measure the most important ecological character complex in Paramormyrops. For instance, a single cryptic ecological trait in this group-perhaps microhabitat use or a related behavior-could be involved in species differentiation under natural selection. In a classic study of warblers (MacArthur 1958) , rapidly evolving ecological differences would have been overlooked had morphology served as the proxy for ecological divergence instead of fine-scale habitat preference. Our extensive field experience studying Paramormyrops offers little evidence of such cryptic ecological traits, but we cannot exclude the possibility. Second, despite prior work on the ecological relevance of body shape variation in mormyrids (Marrero Color-coded lines shown in each plot were estimated using breakpoint regression. In each case, the slope of the initial prebreakpoint segment describes the initial divergence rate during species radiation (reported in table 4). and Winemiller 1993; Winemiller and Adite 1997) and stable isotope differences in fish communities (McClure et al. 2006; Helland et al. 2008) , much more work is needed to fully understand the adaptive significance of ecological traits in Paramormyrops (e.g., body size; Schluter 2000). Third, we cannot be certain that our methods for measuring ecological traits were as sensitive as the digital signal-processing procedures applied to signal variation, though we selected state-of-the-art methods for quantifying all trait axes. For example, stable isotopic signatures can diverge rapidly in fish and are considered to be very sensitive measures of feeding ecology (Genner et al. 1999; Seehausen 2009; Matthews et al. 2010) .
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The hypothetical framework underlying the interpretation of relative rates of trait divergence that we outline in "Introduction" assumes no general differences in the responsiveness of signals and ecological traits to selection. Compared to strong divergent natural selection on a single ecological trait, weaker multifarious selection acting on several ecological traits simultaneously could be more ef- Note: In each case, the F statistic and P value describe the improvement in fit of breakpoint regression over simple linear regression; b 1 is the initial rate of divergence (estimated from breakpoint regression) for each of the indicated traits, b 2 is a second slope term added to b 1 in the line segment after the breakpoint, and c is the breakpoint abscissa value.
a Including both morphs of the magnostipes complex. b Body size p ln(centroid size).
fective in fostering speciation in some cases (Nosil and Harmon 2009 ). All else being equal (e.g., levels of genetic variation and trait heritability), strong natural selection in one dimension is expected to result in large interspecific distances in a single ecological trait, whereas weaker multifarious selection would result in smaller interspecific distances spread across a number of ecological traits. If natural selection takes the latter form and signal divergence inherently happens in fewer dimensions, then explosive early divergence of signals need not indicate sexual selection as the most fundamental cause in all cases. Sexual signals might appear to diverge first only because large, stereotyped signal differences are recruited by natural selection acting earlier and more cryptically on several ecological traits simultaneously. Under this hypothesis, divergence in signals and preferences is secondarily recruited (e.g., by reinforcement on secondary contact) to prevent ecologically maladaptive mismatings. This hypothetical scenario for early signal divergence due to multifarious ecological selection potentially applies to any radiation in which sexual signals appear to diverge faster than all measured ecological traits-causing evolutionary biologists to therefore invoke sexual selection, in the broad sense, as the fundamental cause. The possibility that signals might generally diverge in fewer dimensions than do traits under natural selection during ecological speciation merits some consideration, given that animal perception and preference may evolve to narrowly target a limited number of salient signal components. Currently, however, we have no empirical support for this scenario. More important, signals themselves are often found to be multidimensional (Candolin 2003; Partan and Marler 2005; Elias et al. 2006b; Hebets 2008) , including electric signals (Carlson 2002; Wong and Hopkins 2007) . Until relevant data become available for multiple assumptions in the above scenario, the most parsimonious explanation for the observed disparity in trait divergence rates is that sexual selection on electrical courtship signals has played a seminal role in driving the Paramormyrops species radiation. The body of work on the neurobiology underlying mormyrid electric signals permits a broad understanding of their role in speciation. The opportunity for rapid signal evolution in mormyrids has arisen through key innovations in communication. The origin of the mormyroid Note: The estimated initial rate of divergence for signals is denoted b sig ; the estimated initial rate of divergence for the ecological trait to which signals are compared is denoted b iso , b shape , or b size for trophic ecology, body shape, or body size, respectively. The P value for the difference between rates is shown.
a Including both morphs of the magnostipes complex.
electric organ allowed exploitation of a novel signaling modality in Africa. Subsequently, the origin and elaboration of stalks in the electrocytes composing the electric organ further enhanced opportunity for divergence in signal space within the mormyroid lineage containing Paramormyrops (Sullivan et al. 2000; Lavoué et al. 2008b ). Interestingly, the mormyroid lineage lacking these electrocyte stalks (Gymnarchidae) has failed to diversify. Discussions of adaptive radiation often relate diversification to key innovations and/or the opening of new niche space (Simpson 1953; Schluter 2000; Losos and Ricklefs 2009; Parent and Crespi 2009) , and our work offers a close parallel in the context of sexual selection. While the dynamics of diversification in the Mormyridae and their close relatives within the bonytongue fishes (superorder Osteoglossomorpha) should be investigated using formal methods (Ricklefs 2007) , the taxonomic pattern of species richness among bonytongue groups, by itself, shows that recent diversification has been disproportionately high in mormyrids. Among all bonytongue families, the Mormyridae have by far the highest species diversity, with 189 valid species, according to Eschmeyer (2010) . This mormyrid species count is an underestimate, as it excludes a large number of recently discovered, undescribed species (Sullivan et al. 2002; Feulner et al. 2008; Lavoué et al. 2008b) . Few new species have been discovered or described lately in other osteoglossomorph groups, in contrast to mormyrids (Pouyaud et al. 2003) . The next most speciose family of bonytongues is the sister group to the Mormyroidea, the Notopteridae , with only 10 extant species. All other osteoglossomorph families contain fewer than 10 species (Eschmeyer 2010) . Within the Mormyridae, only 25 valid species are members of the Petrocephalinae. The remaining 160ϩ species are found within the only other subfamily, the Mormyrinae-the lineage containing Paramormyrops. Therefore, the mormyrine subfamily of African weakly electrogenic fishes alone accounts for more than 75% of the extant species diversity across a globally distributed teleost superorder. Key innovations in electrical communication and sexual selection have very likely contributed to this apparent spike in diversification rate.
Cleanly separating mechanisms of selection causing differences in trait divergence rates is facilitated when sexual signals are decoupled from ecological traits, as they largely are in Ivindo River mormyrids. Despite this decoupling, insights from this study are still instructive for the many other animal radiations beyond mormyrid electric fish, in which sexual signals are much more intertwined with ecology. Just because two selective influences are largely independent does not mean that they have nothing to teach us about their actions and consequences when coupled to greater degrees. The Paramormyrops species flock seems to represent a rather extreme vertebrate example along the sexual selection-natural selection continuum, as well as along the trait-decoupling continuum. Understanding organismal features and aspects of the communication system that influence the position of different groups along these continuums will promote a deeper mechanistic understanding of animal species radiation in general.
The effect that extrinsic opportunity appears to have in promoting explosive signal divergence in Paramormyrops may represent a process that has occurred after other major innovations in communication during the broader radiation of animals on Earth. However, the signatures of this process may be difficult to detect because signaling traits are rarely captured in the fossil record. Moreover, a connection between opportunity in the signaling landscape and rapid signal divergence may also contribute to contemporary insular radiations where few competing signalers co-occur. For example, the importance of openness in "sound space" (Otte 1994 ) has been discussed in relation to the rapid radiation of cricket species by sexual selection on newly formed Hawaiian Islands (Mendelson and Shaw 2005) . The comparative framework developed here for mormyrids could profitably be applied to comparing rates of signal and ecological trait divergence in insects, frogs, and other animal groups (Gerhardt and Huber 2002) . Our analysis provides quantitative, phylogenetically explicit evidence that sexual signal divergence outpaces divergence in several important ecological traits during a species radiation. This pattern complements many other studies in suggesting that sexual selection is a potent agent of diversification (Ritchie 2007) . Mormyrid electric fishes also highlight the significance of key innovations and underexploited niches as unifying evolutionary principles applicable to species radiations driven by both natural selection and sexual selection. We have shown that a largely private signal space, made accessible by key innovations in communication, can permit the rapid divergence of courtship signals by sexual selection, which has apparently fueled mormyrid speciation. The opportunity for species radiation provided by unexploited signal space offers a conceptual parallel to the well-studied role of ecological opportunity in adaptive radiation.
